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bstract
This study examined the use of surface response methodology to investigate the influence of operating variables on the transes-
erification of waste cooking oil (WCO) to biodiesel over sodium silicate catalysts. The individual and interactive effects of three
ariables namely, reaction time, reaction temperature and amount of catalyst was evaluated using full 23 (+1) factorial design. The
onversion of WCO to biodiesel was achieved through the transesterification reaction over the catalyst at a methanol-to-oil molar
atio of 6:1 in a batch reactor. Physicochemical properties of the sodium silicate catalyst were obtained using Fourier transform
nfrared spectroscopy (FT-IR) for surface chemistry, thermo-gravimetric analysis (TGA) for thermal stability, N2 physisorption test
or Brunauer–Emmett–Teller analysis and scanning electron microscopy (SEM) for morphology. The reaction temperature, reaction
ime and weight of the catalyst (expressed as a percentage of the amount of WCO) were varied to understand their effect on the
ield of biodiesel via response surface methodology (RSM) approach. The BET analysis showed a surface area of 0.386 m2/g for
he catalyst. Results from the transesterification reaction reveal that change in catalyst weight percentage had no considerable effect
n the biodiesel yield and that there was no mutual interaction between the reaction time and catalyst weight percentage. The results
lso conveyed that the reaction temperature and reaction time were limiting conditions and a slight variation herein altered the
iodiesel yield. The transesterification of WCO produced 57.92% maximum FAME yield at the optimum methanol to oil molar
atio of 6:1, catalyst weight of 2.5%, reaction time of 240 min and a reaction temperature of 64 ◦C. The variance ratio, VR  < Fvalue
btained from the cross-validation experiments indicate perfect agreement of the model output with experimental results and also
estifies to the validity and suitability of the model to predict the biodiesel yields.
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1.  Introduction
Combustion of fossil fuels has an immense detrimen-
tal effect on the environment. The release of pollutant
gases such as NOx, SOx, and CO is inevitable during
this process. In addition, the price instability of fossil
fuels poses a serious threat to countries with limited
resources. Taking into account the limited amount of
energy resources, their increasing prices and environ-
mental issues associated with the use of conventional
fuels for energy, other means of producing energy sus-
tainably have become the forefront of research. Amongst
the studies for other means of providing sustainable
energy is biodiesel, which is a branch of biofuels
and has become an essential alternative for liquid
fuels.
Previous studies have demonstrated the use of typi-
cal edible plant oils, such as soybean, rapeseed oil and
palm oil for the production of biodiesel [1]. These raw
materials are not entirely suitable, more especially in
developing countries, due to the limited supply and high
cost associated with their application, as well as com-
petition with the food chain [2]. Therefore, low cost,
non-edible oils such as jatropha oil, animal fat and
waste cooking oil have been suggested and tested as
alternatives [3–5]. However, the main disadvantage of
these non-edible types of feedstock is the high content
of free fatty acid (FFA) within the oils, which poses prob-
lems in the production process. Consequently, Biodiesel
from high FFA content feedstock is conventionally pro-
duced by a two-stage process: esterification, followed by
transesterification [6,7]. The esterification step serves to
reduce the amount of FFAs present in the oil in order to
allow for the transesterification reaction to commence
[7,8]. The implication of this additional process unit
is inevitably the additional costs associated with the
biodiesel production.
In recent times, the use of heterogeneous catalysts has
been proven to be very effective in converting high FFA
feedstock directly to biodiesel, thereby by-passing the
esterification stage [3,9,10]. The most commonly used
heterogeneous catalysts for the production of biodiesel
are ion-exchange resins, inorganic-oxide solid acids
and supported noble-metal oxides. However, a dramatic
decrease in the catalytic activity of these catalysts has
been observed due to their absorption of water during
biodiesel production [9]. Besides the sharp reduction in
the catalytic activity, the catalysts can form a slurry with
the products by absorbing water and carbon dioxide,
thereby increases the viscosity of the product mix-
ture, making product separation very difficult [11]. Guo
et al. [11] reported that the use of sodium silicate asversity for Science 10 (2016) 675–684
solid catalyst suppresses the formation of soap because
of the decreased water content (less than 4%). Guo
et al. [3,12] demonstrated the excellent performance
of calcined sodium silicate catalyst for the transesteri-
fication of soy bean oil to biodisel. Sodium silicate
has a high catalytic activity after calcination and is
immiscible with triglycerides and alcohol [3]. During
trans-esterification, hydrolysis reaction with sodium sil-
icate and water resulted in the formation of NaOH and
Si–O–H [3]. Furthermore, a yield of about 97% has been
reported at catalyst amount of 7 wt.% and a methanol/oil
ratio of 6:1 for the transesteriftaion of soy bean oil to
biodiesel using sodium silicate [12].
In spite of active research efforts in the development
and use of heterogeneous catalysts for biodiesel pro-
duction, only a few reports have been documented in
literature related to the investigation of the influence of
operating variables on the trans-esterification of waste
cooking oil/soy bean oil to biodiesel over sodium sili-
cate. Besides, most of these reports adopted a traditional
approach whereby one variable is investigated at a time
[12]. This approach overlooks the interactive effect of
different variables on the results. Understanding these
effects requires the use of an alternative approach. As
a follow-up on our recent studies on the transesterifica-
tion of WCO to biodiesel over calcined sodium silicate
[13], in this article the use of reseponse surface method-
ology (RSM) approach to investigate effect of operating
variables is presented. The variables considered were
reaction time, amount of catalyst and reaction temper-
ature while the alcohol-to-oil ratio was fixed at 6:1
following report from [12].
2.  Materials  and  methods
2.1.  Determination  of  the  free  fatty  acid  (FFA)
content  of  the  oil
The waste cooking oil was obtained from a food ven-
dor at the University of the Witwatersrand, and its FFA
content in WCO was determined to confirm the need for
a heterogeneous catalyst such as sodium silicate. It was
also required to prove the tolerance of sodium silicate
to a high content of free fatty acid in biodiesel pro-
duction. The free fatty acid (FFA) content of the WCO
was evaluated according to the procedure described else-
where [13]. A 1.0 ml of the WCO diluted with 10 mlNaOH solution dropwisely using phenolphthalein solu-
tion (0.05 g of phenolphthalein to 50 ml of 95% pure
ethanol and diluted to a 100 ml using distilled water)
ah University for Science 10 (2016) 675–684 677
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Table 1
Design of experiment using a 23(+1) full-factorial design showing
coded and real variables.
Coded values Actual values
Expt. run T (◦C) t (min) W T (◦C) t (min) W (wt.%)
1 −1 −1 −1 30 30 0.5
2 +1 −1 −1 64 240 0.5
3 −1 +1 −1 30 30 0.5
4 +1 +1 −1 64 240 0.5
5 −1 −1 +1 30 30 2.5
6 +1 −1 +1 64 240 2.5
7 −1 +1 +1 30 30 2.5
8 +1 +1 +1 64 240 2.5
9 0 0 0 50 135 1.5M.O. Daramola et al. / Journal of Taib
s the pH indicator. The percentage FFA was calculated
ccording to Eq. (1):
 FFA =  (V  −  b) ×  N  × 28.2
W
(1)
here %FFA is the percentage free fatty acid (FFA) of
he WCO; V, the titrant value (ml); b, the volume of the
lank (ml); N, the concentration of the titration solution
n mg/l, and w, the weight of the 1 ml sample of the
CO.
.2.  Catalyst  characterization
The catayst, sodium metasilicate, was purchased from
igma–Aldrich (Pty) South Africa. Physicochemical
roperties such as morphology, surface chemistry and
hermal stability of the catalyst were determined using
canning electron microscopy (SEM), Fourier transform
nfrared spectroscopy (FTIR) thermogravimetric analy-
is (TGA), respectively. Nitrogen physisorption at 77 K
nder isothermal condition was conducted on the cat-
lyst to determine BET surface area, pore volume and
he pore size of the catalyst. During the physisoprtion
xperiment, 0.12 g of the catalyst was used. The sample
as degassed before the N2 physisorption. The FT-IR
nalysis was conducted with a wave number range from
00 to 4000 cm−1. The SEM images were taken on a
arl Zeiss, operating at an accelerated voltage of 5.00 kV.
he TGA analysis was conducted on the catalyst sam-
le to observe its thermal stability and also to determine
he temperature at which calcination should be carried
ut. About 0.89 g of the sample was subjected to TGA
nalysis under the flow of helium gas and the data was
ollected every 2 min.
.3.  Design  of  experiment  and  transesteriﬁction
eaction
Prior to trans-esterification, WCO and sodium silicate
ere pre-treated. The WCO was preheated at a tempera-
ure of 120 ◦C to ensure that any trace of moisture in
he raw material was removed before the transesteri-
cation reaction. The sodium silicate was calcined at
00 ◦C for 2 h to remove moisture and any organic con-
aminants from the catalyst. The equipment used in the
rans-esterification process was a Liebig condenser that
as connected to a running tap which supplied cool watero prevent the volatilization of volatile compounds from
he reaction mixture as (see [13] for detail). The percent-
ge weight of the catalyst used in the transesterification
as calculated based on the weight of the WCO.T: Reaction temperature (◦C), t: reaction time (min); W: catalyst weight
(wt.%); +1: upper limit; 0: middle point; −1: lower limit.
A two-level full factorial design (23 (+1) full-
factorial) was designed according to the data provided in
Table 1. The three factors that were investigated within
the identified lower and higher levels were the reaction
temperature (T), reaction time (t) and catalyst weight
(W). For a two-level full factorial design, there are 2k
different combinations of the levels. The two-three fac-
torial method was used, implying that three factors (k)
were considered and eight (8) experimental runs plus one
at the centre were performed, making a total of 9 runs.
A general second order regression model presented in
Eq. (2) was adopted and the regression coefficients of
the regression equation were estimated using the Least
Square (LS) parameter estimation method (using Eq.
(3)) implemented in the matlab  environment. Further-
more, the model was validated using cross-validation
technique, a technique that is useful to estimate how
accurately a predictive model will perform in practice
[14,15]. During the cross-validation an analysis is per-
formed on a training set of data (data used to obtain the
regression model) and validating the analysis on testing
set of data obtained from repeated experiments using
independent experimental runs as explained elsewhere
[16]. In addition, one-way analysis of variance (ANOVA)
was also computed to evaluate the statistical significance
and validity of the model.
Y  =  Y0 +  α1T +  α2t +  α3W  +  α4T 2 +  α5t2 +  α6W2
+  α7Tt  +  α8TW  +  α9tW  +  α10TWt (2)
T −1 Tαˆ =  [X X ] X Y (3)
where αˆ  is a (u  ×  1) vector of the regression coefficients;
X, a (N  ×  u) matrix of the coded levels of input variables;
ah University for Science 10 (2016) 675–684
Fig. 1. FT-IR analysis of the commercial sodium silicate catalyst.678 M.O. Daramola et al. / Journal of Taib
XT, the transpose of X; and Y, a (N  ×  1) vector of the
reversibility determined experimentally according to the
experimental design, N.
2.4.  Product  (biodiesel)  analysis
In the recent times, Fourier transform infrared (FT-
IR) spectroscopy is employed as a modern analytical
technique for the detection of biodiesel due to its rapid
detection method [17]. Therefore, qualitative analy-
sis of the biodiesel produced was carried out using
FT-IR and conducted using a commercial biodiesel
standard purchased from Sigma–Aldrich as a reference.
Quantitatively, the biodiesel yield was calculated using
Eq. (4):
Biodiesel Yield(%)
= Actual Mass of Biodiesel Produced
Theoretical Mass of Biodiesel Produced
×  100
(4)
3.  Results  and  discussion
3.1.  FFA  content
The free fatty acid (FFA) content in the WCO sample
was 3.28%. According to previous studies, the base-
catalyzed transesterification requires oil samples with
FFA content less than 1% to avoid the occurrence of
hydrolysis and saponification reactions [18,19]. The pro-
duction of biodiesel was successful even though the
FFA content exceeded the recommended 1% because
of the use of sodium silicate as a catalyst for transes-
terification. The tolerance of sodium silicate to water is
due to its polyhedron network [20] and porous structure
[11], which allows for sequential hydration to occur in
three steps when there are high amounts of water. When
this happens, the Si–O–Si bridges hydrolyze and causes
H4SiO2 monomers to be released thus producing OH−
and avoiding soap formation [11].
The transesterification reaction proceeded success-
fully regardless of the high FFA, due to the use of
the calcined sodium silicate, thereby eliminating the
need for esterification reaction. The optimum biodiesel
yield obtained in the study was 57.92%. This value
is lower than the value reported by Guo et al. [11]
for the transesterificaton of soy oil to biodiesel over
calcined sodium silicate. It is noteworthy to men-
tion that the feedstock used in this study is different
from the one used in Ref. [11]. Moreoever, the rel-
atively high FFA content of 3.28% in the feedstockFig. 2. SEM image of the catalyst.
used in this study could be another reason for the low
yield.
3.2.  Catalyst  characterization
According to literature, the stretches of the Si–O–Na
and Si–O–Si are expected to be located at wavelengths
of ∼1000 cm−1 [21] and ∼1381 cm−1 [22], respec-
tively. In Fig. 1, the stretches located at wavelength
∼1005 cm−1,941 cm−1 and ∼1400 cm−1 correspond to
Si–O–Na and Si–O–Si stretches [21,22], showcasing
the polyhedron structure of sodium silicate. Accord-
ing to Hindryawati et al.  [22], the Na–O bond structure
vibration is characterised by absorption peaks at wave-
lengths that range from 486 to 619 cm−1. The FTIR
spectra in Fig. 2 show an absorption band at a wave-
length of ∼614 cm−1, confirming the sodium silicate
structure according to the literature. The peaks located
at ∼794 cm−1 and 1101 cm−1 could be attributed to the
O–Si–O stretches [22]. The broad band at ∼3500 cm−1
could be attributed to O–H bend and stretch associated to
water molecules [22]. This observation then shows that
the sodium silicate catalyst contains a bit of water which
could be explained by the fact that it is hygroscopic.
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Table 2
BET analysis results of commercial sodium silicate.
Parameter Value
Surface area (m2/g) 0.39
Pore volume (cm3/g) 6.24 × 10−3
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bore size (nm) 59.18
astly, the band located at a range of 1960–1723 cm−1
ould be attributed to organics.
The SEM image of sodium silicate catalyst, which
epresents particles in the range of 1 m, is depicted in
ig. 2. According to Guo et al. [11], structures which are
oosely attached and contain spaces of 1–5 m between
gglomerates, are favorable to entry of triglyceride and
ethanol. This then allows for the basic sites of the sur-
ace of the catalyst to be used for transesterification.
ince Fig. 2 shows that the particles observed are in
ange, it suggests that the commercial sodium silicate
atalyst will exhibit an affinity to the entry of triglyceride
nd alcohol for the progression of transesterification.
The BET surface area, pore volume and the pore size
f the catalyst are presented in Table 2. According to Guo
t al. [11], a surface area of 5.91 m2/g of calcined sodium
ilicate was reported for their experiment. The results of
he experiment using 3.0 wt.% of catalyst, a methanol:oil
atio of 7.5:1, a reaction time of 60 min and a tempera-
ure of 60 ◦C displayed a biodiesel yield of almost 100%
rom soy bean oil. The surface area of sodium silicate
or the experiment run that resulted in one of the high-
st yield (Experimental runs 2) of 57.20% in this study
as found to be 0.39 m2/g. The operating conditions for
un 2 were a catalyst weight of 0.5%, a reaction time of
40 min and a temperature of 64 ◦C. A BET analysis was
erformed using N2 gas. The BET analysis showed that
he surface area of the sodium silicate was 0.39 m2/g.
 similar study reported by Guo et al. [11] using soy
il as the feedstock, used a surface area of 5.91 m2/g
f sodium silicate catalyst. The study conducted aimed
t producing biodiesel from soybean under the follow-
ng conditions: reaction temperature of 60 ◦C, sodium
ilicate of 2.5 wt.%, a molar ratio of methanol/oil of 6:1
nd reaction time of 60 min. The biodiesel yield obtained
rom the conditions stated was 80%. When observing the
xperimental design in this current study for runs 6 and
, it is noted that the operating conditions (reaction tem-
erature, methanol/oil molar ratio and catalyst weight a)
re similar to that of Guo et al. [11]. The biodiesel yield
btained for experimental runs 6 and 8 were 54.72% and
7.92% respectively. One would expect a similar trend in
iodiesel yield for the current study and that of Guo et al.Fig. 3. Qualitative analysis of biodiesel using FTIR. Reference
biodiesel (top); biodiesel from WCO (bottom).
[11], but the discrepancy could be accounted for by the
marginal difference in the surface area of sodium silicate.
The larger surface area of 5.91 m2/g is an indication that
the sodium silicate will display a higher catalytic activity
which then explains the yield of 80% reported by Guo
et al. [11] when compared to this study.
3.3.  Qualitative  analysis  of  biodiesel
A quantitative analysis of the biodiesel produced was
done using FT-IR spectroscopy. According to O’Donnell
et al. [17], FT-IR has been employed as a modern ana-
lytical technique for the detection of biodiesel due to
its rapid detection method. The analysis was conducted
using a commercial biodiesel standard and products from
experimental runs. The analyses are shown in Fig. 3. It
is observed that the product displayed a spectrum that
is more comparable to the standard biodiesel. The most
characteristic peak on a biodiesel IR spectrum is one at
1200 cm−1 which is related to O-CH3 vibrations [23].
When comparing Fig. 3(top) and Fig. 3(bottom), it is
evident that the peak characterised by O–CH3 vibrations
is prominent in both spectra. The peak gives an indica-
tion of the attachment of the alkyl group of the alcohol
to the fatty acid group in the triglyceride, thus forming
an ester. From Fig. 3(top) and Fig. 3(bottom), there are
bands appearing in the range of 1170–1200 cm−1, these
680 M.O. Daramola et al. / Journal of Taibah University for Science 10 (2016) 675–684
Table 3
The experimental and model biodiesel yield from WCO with the errors.
Experimental run Response (Y) Error % Error
Experimental Predicted
1 41.79 41.86 −0.08 −0.19
2 57.20 53.20 4.01 7.00
3 44.23 41.86 2.37 5.35
4 46.91 53.20 −6.29 −13.41
5 42.29 43.84 −1.56 −3.68
6 54.72 55.18 −0.46 −0.85
7 43.11 43.84 −0.73 −1.70
8 57.92 55.18 2.74 4.73
Table 4
Cross-validation experiments.
Parameters Biodiesel yield (%)
Expt. run T (◦C) t (min) W (wt.%) Experimental Predicted
1 40 100 0.2 44.33 43.18
2 50 120 0.8 45.60 55.83
3 60 200 1.0 54.88 55.56
Table 5
One-way ANOVA analysis of the model.
SS df MS Fvalue VR
Between 15.876 1 15.876 0.558 0.37
Within 113.863 4 28.466
Total 129.739 59 53.40 53.39 0.01 0.01
are ester peaks with a (C–O) vibration [24]. The pres-
ence of the (CH2)n group vibrations band is seen at about
700 cm−1 [17]. The peak can be seen from Fig. 3(bot-
tom), but at lower transmittance than that of the biodiesel
standard. The ester carbonyl (C O) group stretching
vibration is found between 1500 and 1700 cm−1. The
peak appeared at a low intensities in the biodiesel sample
produced from Fig. 3(bottom).
3.4.  Empirical  modelling  and  inﬂuence  of  operating
variables
The biodiesel yield obtained from the outcome of
the execution of the two level full factorial designs (23
full-factorial) is shown in Table 3. Experimental results
provided in Table 3 were employed in developing a
regression model using the general polynomial regres-
sion model presented in Eq. (2) as the basis. Several
model candidates were explored and Mean Square Error
(MSE) was employed as a tool to evaluate the suitable
model candidates (see Ref. [16] for details about the use
of MSE for model screening). Consequently, the most
suitable model candidate was selected. A linear regres-
sion model obtained as a suitable candidate model is
shown in Eq. (5):
Y  =  −1.0670(±1.1743) +  1.6233(±0.0018)T
−0.2088(±0.000)t  +  0.9900(±0.0018)W
±1.6145 ×  10−11
(5)
where T, t and W  are the reaction temperature (◦C), the
reaction time (min) and the catalyst weight (in wt.%),
respectively. The experimental yield of biodiesel (Ye)
was also compared with the predicted biodiesel yield
(Yp) as shown in Table 3. The biodiesel yield from
the model is in close agreement with experimental val-
ues (see Table 3). The points that depicted a strongMS: mean squares; SS: sum of squares; VR: variance ratio; df: degree
of freedom.
deviation were from experimental runs 2, 4 and 8 (see
Table 3). Experimental run 4 showed the highest devia-
tion between the predicted and experimental yields. The
errors obtained are in a reasonable range because the
highest deviation amounted to 13%, indicating that the
regression model is suitable to describe the process.
Results from the cross-validation experiment are
shown in Table 4. Outcome of the one-way anova anal-
ysis conducted on the model using the results from the
cross-validation experiment is shown in Table 5.
Cross-validation of the model reveal that VR    Fvalue,
indicating the validity of the model for predicting the
biodiesel yields. Furthermore, Eq. (5) was employed to
obtain response surfaces and contour plots to explain
the relationship and interactions between the influencing
variables and the biodiesel yield. Since it is not possible
to represent all the four parameters on a 3-D plot, one
variable was held unchanged at a time, and the influence
of other two variables on the biodiesel yield is presented
on a 3-D surface. Two-dimensional (2-D) plots were
employed to explain the interaction between other two
variables. The response surface and the contour plots are
shown in Figs. 4–6.
A three dimensional response surface and contour
plots explaining the influence of catalyst weight (wt.%)
and reaction time on biodiesel yield at a constant
temperature of 30 ◦C is presented in Fig. 4(top) and
Fig. 4(bottom).
The relationship between the reaction time and
biodiesel yield is inversely proportional. This relation-
ship could be attributed to the fact that as the reaction
time increased; a reversible reaction occurred resulting
in the decrease in biodiesel yield [18]. An increment
M.O. Daramola et al. / Journal of Taibah University for Science 10 (2016) 675–684 681
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[ig. 4. Response surface plot (top) and contour plot (bottom) of
iodiesel yield at 30 ◦C.
f the biodiesel yield with decreasing reaction time is
bserved from Fig. 4(top). The reaction time for this
urrent study ranged between 30 and 240 min. A study
y Mathiyazhagan and Ganapathi [18] evaluated the
ffect reaction time on FAME yield. From the study it
as observed that a maximum yield was attained within
0 min and beyond that a decline in yield was observed.
he transesterification reaction is reversible hence, at
onger reaction times there is a reduction in biodiesel
ue to loss in esters (ester hydrolysis) and soap forma-
ion [25]. The relationship between biodiesel yield and
eaction time shown in Fig. 3(top) can then be justified by
he observation of Mathiyazhagan and Ganapathi [18].
rom Fig. 4(top), it could also be deduced that the weight
f the catalyst has little effect on the biodiesel yield and
his is in agreement with the studies by Omar and Amin
26]. There appears there was no interaction betweenFig. 5. Response surface plot (top) and contour plot (bottom) of
biodiesel yield at 30 min.
the reaction time and catalyst weight (see Fig. 4(bot-
tom)). Fig. 4(top) and Fig. 4(bottom) further show that
the biodiesel yield is only slightly influenced by the
catalyst weight. Fig. 4(bottom) also shows that there is
no interaction between the catalyst weight and reaction
time. Both of these parameters are independent variables
and cannot influence each other in any way.
The response surface and contour plots explaining
the influence of catalyst weight and reaction temperature
on biodiesel yield at constant reaction time of 30 min is
shown in Fig. 5.
Again, the catalyst weight showed little effect on the
biodiesel yield. As expected, there was an increment
in biodiesel yield with increasing reaction temperature.
The transesterification of triglycerides has been reported
to be an endothermic reaction [27]. According to Le-
Chatelier’s principle, an increase in reaction temperature
682 M.O. Daramola et al. / Journal of Taibah Uni
much higher than the yield obtained in this study. ThisFig. 6. Response surface plot (top) and contour plot (bottom) of
biodiesel yield at 0.5 wt.%.
for an endothermic reversible reaction favours the for-
ward reaction [28]. No observable interaction between
the temperature and catalyst weight was observed (see
Fig. 5(bottom)). This observation can also be explained
by the collision theory. If the temperature of a substance
increases, the rate of the reaction increases as well due
to faster moving particles in the reaction vessel. When
the rate of successful collisions increases, the conversion
of oil to biodiesel, hence increase in the biodiesel yield.
Furthermore at increasing catalyst weight, the biodiesel
Table 6
Our results compared with literature.
Type of oil Catalyst Catalyst
dosage (wt.%)
Alcohol Alcoh
molar
WCO Amberlyst-15 5 Methanol 20:1
WCO ZS/Si 3 Methanol 6:1
WCO Calcined sodium silicate 2.5 Methanol 6:1versity for Science 10 (2016) 675–684
yield only slightly increased (see Fig. 5(bottom)). In
addition, no observable interaction exists between the
reaction temperature and the catalyst weight since trans-
esterification is endothermic as reported elsewhere [29].
Furthermore, the response surface and contour plots
explaining the influence of reaction temperature and
reaction time on biodiesel yield at constant catalyst
weight of 0.5 wt.% is depicted in Fig. 6.
Fig. 6 depicts the surface response (top) and contour
plot (bottom) for the influence of reaction temperature
and reaction time at catalyst weight of 0.5 wt.%. The
influence of the two variables showed a larger impact on
the biodiesel yield. However, Fig. 6(bottom) reveals no
interaction between the reaction temperature and time.
As explained for the effect of temperature and cata-
lyst weight on the biodiesel yield, increase in biodiesel
yield could be attained at higher reaction temperature
and time due to the endothermic nature of the trans-
esterification of triglycerides [26,27]. These results are
in agreement with the reports results of Marchetti and
Errazu, where the reaction of free fatty acids and ethanol
was carried out using sulfuric acid; and it was shown that
biodiesel yield increased with increasing reaction tem-
perature [19]. Fig. 6(top) also shows that there was no
interaction between the reaction time and reaction tem-
perature. However, increase in the reaction temperature
could increase the rate of the reaction, thereby shorten-
ing the reaction time due to the reduction in the viscosity
of the oil [18,26].
The performance of calcined sodium silicate for trans-
esterification of WCO was compared with other reported
solid catalysts as shown in Table 6. When comparing this
to a study by Li et al. [9], it is evident that sodium silicate
exhibited a higher catalytic performance. Transesteri-
fication of WCO to BD catalysed by calcined sodium
silicate in this study displayed a higher biodiesel yield at
a lower reaction temperature and lower alcohol/oil molar
ratio using the same reaction time. A study by Jacobson
et al. [30] resulted in a 79% biodiesel yield, which iscould be attributed to the higher reaction temperature
used in the study. The insignificant effect of the catalyst
weight on the biodiesel production, as reported in this
ol/oil
 ratio
Reaction
temperature (◦C)
Reaction
time (min)
FAME
yield (%)
Reference
 110 240 30 [9]
 200 240 79 [30]
 64 240 57.9 This study
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tudy, is confirmed by the comparison between the cata-
yst weight used in this study and the one used by Li et al.
9]. In addition, the confirmation from the comparison
urther strengthens the validity of the linear regression
odel developed in this study to explain the influence of
perating variables on the production of biodiesel from
CO.
.  Conclusions
The use of sodium silicate catalyst for the conver-
ion of WCO to biodiesel was successful, taking into
ccount the FFA content of 3.28% that was above the
ecommended value of <1%. Sodium silicate was able
o convert triglycerides to FAME without the need for
sterification pretreatment. The results obtained from
he FT-IR and GC/MS show that biodiesel could be
roduced; especially when the optimum operating con-
itions are used. The characterization of the sodium
ilicate catalyst using the chosen methods was success-
ul. It can be concluded that biodiesel yield and reaction
emperature have a directly proportional relationship.
hen transesterification progressed over long periods
f time, the biodiesel yield decreased due to the occur-
ence of a reversible reaction. The catalyst weight has an
nsignificant effect on the biodiesel yield when the reac-
ion time and temperature are constant. Based on the
esults obtained from literature, it could be concluded
hat the developed empirical model could adequately
xplain the effect of the reaction temperature, reaction
ime and catalyst weight on the yield of biodiesel from
ransesterification of WCO over calcined sodium sili-
ate. In addition, the errors between the experimental and
he predicted biodiesel yields are within the acceptable
imit of 13%. Furthermore, the variance ratio, VR  < Fvalue
btained from the cross-validation experiments indicate
erfect agreement of the model output with experimen-
al results and also testifies to the validity and suitability
f the model to predict the yield of biodiesel during the
ransesterification process.
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